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High Efficiency Heat Transfer Using Asymmetric Impinging Jet 



The present invention is related to a method and apparatus for transferring heat 
between a fluid and a material onto which the fluid is impinged. More specifically, the 
present invention is related to an impinging jet nozzle that can improve the efficiency of 
heat transfer between the fluid passing through the nozzle and the material onto which the 



Background of the Invention 

Impingement of fluids, such as air or other gasses or liquids, onto a surface has 
been recognized and used for years in many situations, especially manufacturing, as a 
method for providing and/or alter the properties of products such as webs. La particular, 
impingement has been used during the manufacture of fibrous structures, such as paper 
webs. Typically, during the manufacture of paper, large amounts of water must be 
removed from the web that is created before it can be converted into an end product or 
used by the consumer. Some of the most commonly used papermaking techniques form 
an initial paper web from an aqueous dispersion of fibers containing more than 99% water 
and less than 1% papermaking fibers. Generally, almost 99% of this water is removed 
mechanically, yielding a fiber-consistency of about 20%. Then, pressing and/or thermal 
operations, and/or through-air-drying, or any combination thereof, typically remove some 
of the remaining water, increasing the fiber-consistency of the web to about 60%. In the 
final drying operation (typically using a drying cylinder and impinging jets) the web is 
dried such that the fiber-consistency of the web is about 95%. 

Because such a great amount of water needs to be removed, water removal is one 
of the most energy-intensive operations in industrial papermaking processes. Further, 
within the water removal operations, thermal energy is one of the most costly and 
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inefficiently used resources. Therefore, more efficient methods of water removal, and 
especially more efficient thermal operations, may provide significant benefits for the 
papermaking industry, such as increased machine capacity and reduced operational costs. 

As can be seen in U.S. Patents 3,577,651; 3,739,490; 3,771,239; 3,895,449; 
3,936,953 and 4,274,210, the need to improve efficiency of heat transfer has been 
generally identified in the prior art and many attempts have been made to solve the 
problem. However, there is still a need for more efficient, less complex systems that 
perform effectively at very high rates of speed, especially when the end product, like 
paper, is disposable. 

Accordingly, it would be desirable to provide a method and/or apparatus for more 
efficiently transferring heat from a fluid to a moving material. Further, it would be 
desirable to provide an improved nozzle to be used in an impingement operation. Even 
further, it would be desirable to provide an asymmetric nozzle through which air or gas 
may be impinged onto a surface to more efficiently transfer heat from the air or gas to the 
surface upon which the air or gas is impinged. It would also be desirable to provide an 
improved process and apparatus for drying webs, such as paper webs. 

Snmmary of the Invention 

The present invention provides an efficient method and apparatus for exchanging 
heat between a fluid and a material onto which the fluid is impinged. One embodiment of 
the apparatus includes: a support element designed to receive a material thereon and to 
carry the material in a machine direction, the material having a surface oriented away 
from the support element; at least one fluid supply designed to produce and discharge a 
fluid; at least one nozzle having an open area formed by an upstream wall and a 
downstream wall relative to the machine direction, the nozzle connected to the fluid 
supply and disposed generally adjacent to the support element and spaced apart therefrom 
so as to form an impingement distance between each wall of the nozzle and a plane 
generally corresponding to the surface of the material, wherein the impingement distance 
between the upstream wall and the plane is greater than the impingement distance 
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between the downstream wall and the plane such that at least a portion of the fluid is 
delivered through the nozzle to a predetermined portion of the material carried by the 
support element in a direction that is counter to the machine direction; an upstream 
collection device which is disposed upstream relative to the nozzle; and a downstream 
collection device which is disposed downstream relative to the nozzle. 

One embodiment of the method of the present invention includes the steps of: 
providing at least one nozzle having an opening formed by an upstream wall and a 
downstream wall relative to the machine direction, the nozzle connected to a fluid supply 
and disposed generally adjacent to the support element and spaced apart therefrom so as 
to form an impingement distance between each wall of the nozzle and a plane generally 
corresponding to a surface of a material onto which the fluid is to be impinged, wherein 
the impingement distance between the upstream wall and the plane is greater than the 
impingement distance between the downstream wall and the plane; providing a material 
adjacent the opening in the nozzle, the material moving in the machine direction; and 
supplying a fluid from the fluid supply through the nozzle onto the material such that at 
least a portion of the fluid is delivered in a direction that is counter to the machine 
direction 

Brief Description of the Drawings 

FIG. 1 is a simplified cross-sectional view of an impingement nozzle of the prior 
art showing air flowing through the nozzle onto a moving web. 

FIG. 2 is a simplified schematic representation of a continuous papermaking 
process, which is exemplary of a process with which the present invention may be used. 

FIG. 3 is an enlarged, cross-sectional view of one embodiment of the apparatus of 
the present invention, including an impingement nozzle and a collection system. 
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FIG. 4 is a simplified schematic view of a portion of one embodiment of a drying 
system of the present invention. 

FIG. 5 is a graphical representation of the Surface Heat Transfer Coefficient of an 
exemplary prior art nozzle and one embodiment of the present invention plotted against 
the position of the impinged web. 

FIG. 6 is a graphical representation of the Surface Heat Transfer Coefficient of an 
exemplary prior art nozzle and plotted against the position of the impinged web for three 
different web speeds. 

Detailed Description of the Invention 

The present invention is directed to an improved process and apparatus for 
transferring heat from a stream of fluid (such as air, other gasses and liquids) to an 
adjacent material, such as a web, by impingement of the stream onto the material. 
Although impingement is commonly used in drying operations, such as those used during 
the papermaking process, it can also be used for heating, cooling or dewatering other 
materials as well as for transferring mass and momentum to objects. Thus, for example, 
the apparatus and process of the present invention may be used to dry materials such as 
boards, to cool objects such as jet engine fan blades or computer chips, to cook foods, to 
cure surfaces, to heat treat materials, to move or lift objects, to coat objects and/or to clean 
objects or surfaces. 

As will be described in more detail below, the process and apparatus of the present 
invention employ a unique asymmetrical slot nozzle to' direct the impingement flow of 
fluid onto the adjacent material. The configuration of the nozzle provides an unexpected 
increase in the heat transferred from the fluid stream to the material onto which the fluid 
is impinged, especially when the fluid is impinged on a surface that is moving greater than 
about 3000 feet per minute (about 15.2 meters per second). The combination of the 
unique nozzle with certain predetermined exhaust duct configurations to remove the 
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impinged fluid can further increase the effectiveness of the apparatus and method or of the 
present invention. Accordingly, the apparatus and process of the present invention can 
outperform the prior art impingement systems and achieve previously unattainable 
performance related to reduced energy consumption, higher line speeds, lower drying 
temperatures, higher cooling temperatures, etc. 

Although as noted above impingement systems can be used for a wide variety of 
purposes, the present invention will be described herein in terms of an exemplary system 
used for drying paper webs. It should be understood that modifications to the exemplary 
systems described herein could be made so as to conform any portion or the entire system 
to a particular need without departing from the intended scope of the present invention. 

Figure 1 is a simplified cross-sectional view of an impingement nozzle of the prior 
art showing air flowing through the nozzle onto a moving web. The nozzle 10 directs 
heated air 15 to the surface of the moving web 12. The web 12 is moving in the machine 
direction, represented by the arrow labeled MD. As is depicted by the arrows representing 
the flow of air, with a typical slot-type nozzle 10, the air-stream 15 impinges on the web 
12 an then splits such that about half of the air-stream 15 travels in the machine direction 
and about half travels counter to the machine direction. (In other than slot-type 
embodiments, the amount of air that is directed in each direction is based on the shape of 
the nozzle opening. In any case, the amount of air that travels in the machine direction is 
generally about equal to the amount of air that travels counter to the machine direction.) 
Such systems have been found to provide acceptable drying for certain relatively slow- 
moving webs, but are somewhat inefficient in transferring heat from the air 15 to the web 
12 at high speeds (i.e. webs moving faster that about 3000 feet per minute (about 15.2 
meters per second). This is believed to be due to the fact that the air traveling in the 
machine direction after impingement will have a low relative velocity versus the moving 
web 12, and consequently a relatively low heat transfer rate. Accordingly, in order to 
provide effective drying, such prior art impingement systems may require the air 15 be 
heated to temperatures that can damage the web 12, especially if the web 12 is moving at 
high speeds. 
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Figure 2 is a simplified schematic representation of a continuous papermaking 
process wherein a paper web 25 is continuously formed from a mixture of raw materials 
to a web that can be converted into a final product. Exemplary processes and equipment 
for papermaking are described in more detail in U.S. Pat. Nos. 5,556,509, issued Sep. 17, 
1996 to Trokhan et al.; 5,580,423, issued Dec. 3, 1996 to Ampulski et al.; 5,609,725, 
issued Mar. 11, 1997 to Phan; 5,629,052, issued May 13, 1997 to Trokhan et al.; 
5,637,194, issued Jun. 10, 1997 to Ampulski et al.; and 5,674,663, issued Oct. 7, 1997 to 
McFarland et al., the disclosures of which are incorporated herein by reference. Paper 
webs may also be made using through-air drying processes as described in commonly 
assigned U.S. Pat. Nos. 4,514,345, issued Apr. 30, 1985 to Johnson et al.; 4,528,239, 
issued Jul. 9, 1985; to Trokhan, 4,529,480, issued Jul. 16, 1985 to Trokhan; 4,637,859, 
issued Jan. 20, 1987 to Trokhan; and 5,334,289, issued Aug. 2, 1994 to Trokhan et al. 
The disclosures of the foregoing patents are incorporated herein by reference. 

The first step of the papermaking process generally includes providing fibers, 
typically suspended in a liquid carrier. Equipment for preparing the aqueous dispersion of 
fibers is well known in the art. Some commonly known methods for the preparation of 
the aqueous dispersion of the papermaking fibers and exemplary characteristics of such an 
aqueous dispersion are described in greater detail in U.S. Pat. No. 4,529,480 r which patent 
is incorporated by reference herein. The aqueous dispersion of fibers may be provided to 
a headbox 22 that distributes the aqueous dispersion on a wire screen 24. While a single 
headbox 22 is shown in FIG. 2, it is to be understood that there may be multiple 
headboxes in alternative arrangements of the process of the present invention. The 
headbox(es) 22 and the equipment for preparing the aqueous dispersion of fibers are 
typically of the type disclosed in U.S. Pat. No. 3,994,771, issued to Morgan and Rich on 
Nov. 30, 1 976, which patent is incorporated by reference herein. 

The present invention also contemplates the use of the web 25 formed by dry-air- 
laid processes. Such processes are described, for example, in S. Adanur, Paper Machine 
Clothing, Technomic Publishing Co., Lancaster, Pa., 1997, p. 138. The present invention 
also contemplates the use of the web 25 that has been rewetted. Rewetting of a previously 
manufactured dry web may be used for creating three-dimensional web structures by, for 
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example, embossing the rewetted web 25 and than drying the embossed web. Also is 
contemplated in the present invention the use of a papermaking process disclosed in U.S. 
Pat. No. 5,656,132, issued on Aug. 12, 1997 to Farrington et al. and assigned to 
Kimberly-Clark Worldwide, Inc. of Neenah, Wis. 

hi a typical wet-laid process, after the aqueous dispersion is directed onto the wire 
screen 24, web 25 formed mom the fibers is transferred to a papermaking belt 30. (The 
papermaking belt 30 may be any suitable papermaking belt known in the art, including but 
not limited to those described in U.S. Patents 5,334,289 issued to Trokhan et al. on Aug 2, 
1994; 5,43 1,786 issued to Rasch et al. on July 11, 1995; 5,529,644 issued to Trokhan et 
al. on June 25, 1996; and 5,624,790 issued to Trokhan et al. on April 29, 1997; all of 
which are incorporated by reference herein.) The papermaking belt 30 moves the web 25 
through a series of unit operations that may include pressing, water removal such as 
dewatering and/or drying and any other desired operations. As used herein, the term 
"drying 1 ' means removal of water (or moisture) from the fibrous web 25 by vaporization. 
Vaporization involves a phase-change of the water from a liquid phase to a vapor phase, 
or steam. The term "dewatering" means removal of water from the web 25 without 
producing the phase-change in the water being removed. As used herein, the terms 
"removal of water" or "water removal" (or permutations thereof) are generic and include 
both drying and dewatering, along or in combination. The impingement drying apparatus 
40 and process of the present invention are most typically applicable to the drying 
technique of water-removal. 

After the web 25 is passed through the desired unit operations while on the 
papermaking belt 30, it is typically transferred to a drying roll 35, such as a Yankee dryer, 
or another type of drying apparatus. During this portion of the papermaking process, the 
web 25 is often subjected to impingement drying to reduce the moisture of the web 25 to 
acceptable levels for further converting operations. Therefore, in a typical papermaking 
process, such as the one shown in Figure 2, the impingement drying apparatus 40 is 
generally located adjacent a portion of the drying cylinder 35. However, the impingement 
drying apparatus 40 can be located at any suitable location in the papermaking process 
from the stage of forming an embryonic web to a stage of post-drying. For example, 
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Figure 2 shows several locations (labeled I-V) in a typical papermaking process where 
impingement drying may be desirable. A3 one of ordinary skill in the art will recognize, 
the different stages represented include forming (1), wet transfer (II), pre-drying (HI), 
drying cylinder (IV) and post drying (V). It should be understood that such locations are 
not intended to be exclusive, but merely to illustrate some of the possible arrangements of 
the impingement drying apparatus 40 in conjunction with a particular stage of the 
papermaking process. It should also be understood that although Figure 2 shows a 
through air drying process, the apparatus of the present invention is equally applicable to 
other papermaking processes and other non-pap ermaking processes in which 
impingement of fluid is useful. 

Figure 3 is an enlarged cross-sectional view of one embodiment of the apparatus 
of the present invention. The apparatus shown is in the configuration of an impingement 
drying apparatus 40 as would be useful for drying a paper web. The impingement drying 
apparatus 40 includes at least one nozzle 50 through which heated air or any other desired 
fluid is directed toward a surface 26 of an adjacent material, such as web 25. As shown, 
the material 25 may be directed past the impingement drying apparatus 40 by a support 
element 42, such as a belt, a drum, etc. In certain embodiments, the impingement drying 
apparatus 40 also includes at least one exhaust collection device, such as the upstream 
collection device 54 and/or the downstream collection device 55 shown in Figure 3. The 
collection device(s) 54 and 55 are used to remove the air or other fluid that has been 
impinged onto the surface 26 along with any water vapor or other loose debris that may be 
disposed on or in the web 25. Any or all of the nozzle(s) 50 and/or the collection 
device(s) 54, 55 of the impingement drying apparatus 40 may be disposed within a hood 
45 that structurally connects the parts to form a single operational unit. 

The apparatus of the present invention may include any number of nozzles 50. In 
a preferred embodiment, the impingement drying apparatus 40 includes a single slot 
nozzle 50 that preferably extends across the entire width of the web 25 or at least across 
the entire width of the desired impingement area. The nozzle 50 preferably includes an 
opening 56 formed between an upstream wall 58 and a downstream wall 59. The 
upstream wall 58 of the nozzle 50 is located a predetermined distance from the support 
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element 42. As shown in Figure 3, the distance between the upstream wall 58 of the 
nozzle 50 and a plane 27 generally corresponding with the surface 26 of the web 25 
oriented away from the support element 42, is herein referred to as the upstream 
impingement distance 60. The downstream wall 59 of the nozzle 50 is located a 
predetermined distance, downstream impingement distance 62, from the plane 27. (In 
circumstances wherein a web is not actually present, as may be the case when measuring 
the impingement distances of an apparatus not in use, the plane 27 should be located in a 
position that corresponds to the general location of the surface of the material to be 
impinged upon that is oriented toward the nozzle, as if the web were present.) In certain 
embodiments of the present invention, the upstream impingement distance 60 is greater 
than the downstream impingement distance 62. Preferably, the downstream impingement 
distance 62 is between about 1 percent and about 75 percent of the upstream impingement 
distance 60, between about 5 percent and about 50 percent of the upstream impingement 
distance 60 or between about 10 percent and about 25 percent of the upstream 
impingement distance 60. 

If the apparatus of the present invention includes more than one nozzle 50, it is 
preferred that the nozzles 50 are separated from each other so as to not create interference 
with each other. In other words, it is preferred that the nozzles 50 of a multiple nozzle 
configuration be separated enough such that the velocity of the fluid from the upstream 
nozzle 50 exiting in the machine direction not significantly affect or be affected by the 
fluid exiting the downstream nozzle 50 in (he wnmter-machine direction. If the separation 
between the nozzles is insufficient, the efficiency of heat transfer from the fluid to the 
adjacent material may be reduced due to regions of low relative velocity between the fluid 
stream and the material. Accordingly, it may be advantageous to include exhaust 
collection devices between any nozzles 50 disposed within a single hood 45 or configure 
the system to include multiple hoods 45, each mcluding a single nozzle and exhaust 
collection devices, rather than multiple nozzles within a single hood assembly. 

The difference between the upstream impingement distance 60 and the 
downstream impingement distance 62 formed by the unique configuration of the walls 58 
and 59 of the nozzle 50 helps direct at least some of the air 52 or other fluid passed 
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through the nozzle 50 to move in a direction that is counter to the machine direction MD 
after leaving the opening 56 of the nozzle 50. This configuration can significantly 
increase the heat transfer/drying performance of the apparatus in several different ways. 
First, such embodiments increase the amount of air 52 moving in the direction counter to 
the machine direction. This creates a high relative velocity between the fluid flow 52 and 
the moving web 25. The high relative velocity increases the friction between the web 25 
and the air stream 52, which in turn, provides for more efficient heat transfer from the air 
52 to the web 25. Second, the smaller downstream gap, impingement distance 62, creates 
a jet of air/fluid 52 in the machine direction. The increase in velocity of the air/fluid 52 
directed in the machine direction again results in increased relative velocity between the 
web 25 and the air stream 52, which increases friction and heat transfer between the web 
25 and the airflow 52. In a preferred embodiment, at least about 70 percent, at least about 
80 percent or at least about 90 percent of the air 52 is directed by the nozzle 50 in a 
direction counter to the machine direction. (Accordingly, in certain embodiments, the 
flow rate of the fluid passing out of the nozzle in the machine direction is preferably 
lower than the flow rate of fluid passing out of the nozzle in the direction counter to the 
machine direction.) 

Another parameter that may be used to impact the performance of the 
impingement drying apparatus 40 of the present invention is the relationship of the 
upstream impingement distance 60 and the distance between the upstream wall 58 of the 
nozzle 50 and the downstream wall 59 of the nozzle 50. (The distance between the 
upstream and downstream walls 58 and 59 of the nozzle 50 is shown in Figure 3 as the 
distance 64. If the walls of the nozzle are not parallel to each other, the measurement of 
the distance 64 between the walls should be taken as the distance between projections of 
the walls 58 and 59 on the surface 26 made from a light source located directly above the 
nozzle 50 and centered between the walls 58 and 59.) In a preferred embodiment, the 
distance 64 between the walls 58 and 59 of the nozzle 50 should be between about 25 
percent and about 200, between about 50 percent and about 150 or between about 80 
percent and about 100 percent of the upstream impingement distance 60. In any case, it is 
generally understood that the distance between the walls of a nozzle and/or the 
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impingement distances of the walls are factors in detemrining the size of the fluid 
stagnation region on the web (i.e. the region between the nozzle opening and the web 
where there is very low or zero relative fluid velocity between the fluid and the web). The 
stagnation region creates high pressure as compared to the surrounding regions due to a 
combination of the static and dynamic forces of the air being impinged on the surface of 
the web. The size of the stagnation region directly affects the strength of the high- 
pressure region that, in turn, forces the fluid to move away from the nozzle in the machine 
and counter-machine directions at greater velocities. Accordingly, a suitable relationship 
between the nozzle width (i.e. distance between the nozzle walls) and the impingement 
distances should be determined based on die particular use of the impingement apparatus 
40. In one exemplary embodiment, the distance 64 between the walls 58 and 59 of the 
nozzle 50 is about 2 inches (about 5.08 cm), the upstream impingement distance 60 is 
about 2 inches (about 5.08 cm) and the downstream impingement distance is about 0.2 
inches (about 0.5 cm). 

The amount of fluid 52 passing through the nozzle 50 and its velocity can affect 
the overall performance of the impingement apparatus 40. Generally, the higher the 
average velocity of fluid 52 through the nozzle 50, the greater the relative velocity 
between the fluid 52 and the web 25. As noted above, this relative velocity creates 
friction, which provides for heat transfer between the web 25 and fluid 52. For certain 
paper drying embodiments, it has been found to be suitable for the average velocity of the 
fluid 52 moving through the nozzle 50 to be between about 50 percent and about 400 
percent of the web speed. However, other higher and lower average velocities are 
contemplated for papermaking and other uses of the present invention. 

The impingement drying apparatus 40 of the present invention may also include 
one or more exhaust collection devices, such as those shown in Figure 3. In a preferred 
embodiment, the impingement drying apparatus 40 includes an upstream exhaust 
collection device 54 located upstream of the nozzle 50 and a downstream collection 
device 55 located downstream of the nozzle 50. The upstream collection device 54 
includes an inner wall 70 located toward the upstream wall 58 of the nozzle 50 and an 
outer wall 72 disposed upstream from the inner wall 70. A distance, first width 78, 
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separates the inner and outer walls 70 and 72 of the upstream collection device 54. An 
opening in the upstream exhaust collection device, inlet 82, is formed between the inner 
and outer walls 70 and 72 of the device 54 near the support element 42. Further, as 
shown in Figure 3, the inlet portion 86 of the inner wall 70 of the exhaust collection 
device 54 disposed closest to the support element 42 may be curved or otherwise 
deflected out of the plane of the inner wall 70 to enhance the performance of the 
collection device 54. If the inlet portion 86 is curved, as shown in Figure 3, the curve has 
a radius Rl . The distance between the inner wall 70 of the upstream collection device 54 
and the nozzle 50 is preferably between about 10 times and about 30 times the distance 64 
between the nozzle walls. 

The downstream collection device 55 includes an inner wall 74 located toward the 
downstream wall 59 of the nozzle 50 and an outer wall 76 disposed downstream from the 
inner wall 74. A distance, second width 80, separates the inner and outer walls 74 and 76 
of the downstream collection device 55. An opening in the downstream exhaust 
collection device, inlet 84, is formed between the inner and outer walls 74 and 76 of the 
device 55 near the support element 42. Further, as shown in Figure 3, the inlet portion 88 
of the inner wall 74 of the exhaust collection device 55 disposed closest to the support 
element 42 may be curved or otherwise deflected out of the plane of the inner wall 74 to 
enhance the performance of the collection device 55. If the inlet portion 88 is curved, as 
shown in Figure 3, the curve has a radius R2. The distance between the inner wall 74 of 
the downstream collection device 55 and the nozzle 50 is about 2 times and about 8 times 
the distance 64 between the nozzle walls. 

In certain embodiments, it may be desirable for the first width 78 of the upstream 
collection device 54 to be greater than the second width 80 of the downstream collection 
device 55. This is generally due to the fact that in some embodiments of the present 
invention, more of the fluid flow is directed upstream, counter to the machine direction, 
than is directed in the machine direction. Removing the air 52 after it passes over a 
predetermined distance helps reduce the likelihood that the air will lessen the relative 
velocity between the airflow 52 and the web 52 or otherwise interfere with the efficiency 
of the apparatus. In such embodiments, the first width 78 may be about 3 times the 
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second widlh 80 or greater, about 5 times the second width 80 or greater, or about 8 times 
the second width 80 or greater. It may also be desirable to locate tfie upstream collection 
device 54 at a distance from the nozzle 50 that is different than the distance from the 
downstream collection device 55 to the nozzle 50. (As is shown in Figure 3, the distances 
90 and 92 between the collection devices 54 and 55 and the nozzle 50 are preferably 
measured at a location where the inner wall of the collection device and the closest wall 
of the nozzle are generally parallel to each other.) Thus, within the hood 45, the 
impingement drying apparatus 40 may be asymmetric in that the nozzle 50 is not centered 
between the exhaust collection devices 45 and 55. For example, it may be desirable to 
locate the upstream exhaust collection device 54 a distance 90 from the nozzle 50 that is 
greater than the distance 92 between the downstream collection device 55 and the nozzle. 
This configuration can increase the efficiency of the apparatus by maintaining the region 
of highest relative velocity between the web and the fluid flow (generally upstream of the 
nozzle) over a greater distance than if the hood was symmetric and the same size, m 
certain embodiments of the present invention, it may be desirable for the distance 90 
between the upstream collection device 54 and the nozzle 50 to be at least about 3 times 
as great, at least about 5 times as great or at least about 8 times as great as the distance 92 
between the downstream collection device 54 and the nozzle 50. 

The exhaust collection devices) may include curved inlet portions as shown in 
Figure 3. Such configurations help reduce flow separation and keep the flow of fluid 
adjacent the web until it is removed through the exhaust device. In certain embodiments, 
it may be desirable for the radius of the inlet portions to be within a particular range of 
values. For example, it has been found that, in one embodiment of a system used to dry a 
paper web, it is advantageous to have the radius Rl of the upstream inlet portion 86 be 
between about 50 percent and about 300 percent, between about 75 percent and about 250 
percent or between about 100 percent and about 200 percent of the upstream impingement 
distance 60 (i.e. the distance between the upstream wall 58 of the nozzle and the support 
element 42). It has also been found to be advantageous to have the radius R2 of the 
downstream inlet portion 88 be between about 10 percent and about 200 percent, between 
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about 15 percent and about 150 percent or between about 20 percent and about 100 
percent of the upstream impingement distance 60. 

The impingement drying apparatus 40 of the present invention is preferably 
operatively associated with at least one fluid supply apparatus 95, as is shown in Figure 4. 
The fluid supply apparatus may be directly or indirectly connected to any portion of the 
impingement drying apparatus 40. In the exemplary embodiment shown in Figure 4, the 
fluid supply apparatus 95 comprises a compressor 96, a heater 97 and a diffuser 98 all 
connected by fluid supply lines 99. However, it should be understood that the fluid 
supply apparatus 95 can include any one or more of the above described devices or any 
other suitable device for supplying the fluid to the impingement drying apparatus 40 in a 
condition that is satisfactory for the intended use. Thus, the fluid supply apparatus 95 
may include coolers, humidity adjusters, filters, mixers, electrostatic chargers, or any 
other device or unit operation that may affect the performance of the impingement device 
40. 

In certain embodiments including one or more diffusers, it may be desirable to 
provide baffles 100 within the diffuser to straighten or otherwise direct the fluid flow 
within the diffuser 98. The baffles 100 are generally used to distribute the fluid flowing 
into the nozzle 50 in the cross-machine direction, but can also be used to profile the flow 
in the machine direction, if desired. A uniform distribution of the fluid in the cross- 
direction can help ensure that the web is uniformly dried or otherwise treated in the cross- 
machine direction. Uniform distribution in the cross direction can also help increase the 
efficiency of the system by reducing the flow of the fluid in the cross-direction upon 
impingement. Any flow in the cross direction can reduce the relative velocities that can 
be obtained in the machine direction and the direction counter to the machine direction 
and thus, reduce the effectiveness of the impingement operation. 

It may be advantageous to control the fluid flow volume/speed by choosing an 
appropriately shaped and sized fluid supply line 99. For example, it has been found that a 
suitable fluid supply line 99 is a circular cross-section pipe having a radius of between 
about 100 percent and about 800 percent of the distance 64 between the walls of the 
nozzle. However, other suitable sized and shaped fluid supply lines 99 can be used. 
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Figure 5 is a graphical representation of the surface heat transfer coefficient of a 
web moving at about 6000 feet per minute (about 30.48 m/s) past the nozzle of an 
impingement system (plotted on the Y-axis) versus the distance from the center of the 
impingement nozzle (plotted on the X-axis). The graph (produced by FLUENT software 
available from Fluent, Inc. of Lebanon, NH) has two plotted curves, curve 110 
representing the plot of a typical impingement system and curve 120 representing the plot 
of one exemplary embodiment of the impingement system of the present invention. For 
both curves, all of the parameters that affect the surface heat transfer coefficient are the 
same, except the design of the nozzle. Specifically, in each case, the web speed is 6000 
feet/minute (about 30.48 meters/second), the web temperature is about 250 Degrees 
Fahrenheit (about 121 Degrees Celsius) and the web thickness is about 0.2 in (about 0.508 
cm). The fluid impinged on the web is air at a temperature of about 1000 Degrees 
Fahrenheit (about 537 Degrees Celsius) and moving at an average velocity of about 9842 
feet/minute (about 50 meters/second) through the nozzle. Both nozzles have a width 
(distance between the walls) of 2 inches (about 5.08 cm) and the upstream impingement 
distance 60 of each nozzle is about 2 inches (about 5.08 cm). The downstream 
impingement distance 62 of the conventional nozzle is the same as the upstream 
impingement distance 60, about 2 inches (about 5.08 cm), whereas the downstream 
impingement distance 62 of the nozzle of the present invention is about 0.2 inches (about 
0.508 cm). 

As can be seen in Figure 5, the nozzle design of the present invention 
unexpectedly increases the performance of the impingement drying apparatus 40 in 
several ways. First, the entire curve 120 produced by the nozzle of the present invention 
is shifted upward along the Y-axis from the curve 110 of a standard nozzle. This shift 
upward along the Y-axis demonstrates an increase in the surface heat transfer coefficient 
between the fluid stream and the web. Thus, in the context of papermaking, the nozzle 50 
of the present invention can provide for more efficient drying of the web while keeping all 
other parameters the same as current systems. Second, as can be seen in Figure 5, 
conventional impingement drying nozzle configurations have an area of reduced surface 
heat transfer located just downstream of the nozzle opening (shown in Figure 5 as local 
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minimum 130). This is due to the reduced relative velocity between the web and the 
airflow in that region. Surprisingly,, the nozzle configuration of the present invention 
increases the heat transfer coefficient in the same region. In fact, in the example shown in 
Figure 5, Ihe nozzle 50 of the present invention creates a local maximum 140 in the heat 
transfer coefficient curve 140 in the region where the conventional nozzle has its local 
minina 130. Thus, the nozzle 50 of the present invention not only is more efficient in 
transferring heat upstream of the nozzle, but also provides for more efficient transfer of 
heat downstream of the nozzle, as compared to conventional nozzles. The nozzle 50 of 
the present invention also provides for an increase in the distance and length of time over 
which the web can be effectively dried or otherwise treated by the impingement system, 
which further increases the system's efficiency and effectiveness. 

Yet another benefit of the configuration of the present invention is that the 
impingement apparatus gets more efficient as the web speed increases. This increase in 
efficiency with increased web speed is true for locations both upstream and downstream 
of the nozzle. In contrast, as shown in Figure 6, with conventional nozzle configurations, 
the surface heat transfer coefficient increases with increases in web speed for locations 
upstream of the nozzle, but decreases with increased web speed for locations downstream 
of the nozzle. This decrease is believed to be due to the decreased relative velocity 
between the web and the fluid flow downstream of the nozzle. Figure 6 is a graphical 
representation of the surface heat transfer coefficient between a web and fluid impinged 
onto the web through a conventional nozzle. Curve 150 is representative of a web that is 
not moving, and thus has a velocity of zero. Curve 155 is representative of a web moving 
at about 3000 feet per minute (about 15.24 m/s). Curve 160 is representative of a web 
moving at about 6000 feet per minute (about 30.48 m/s). The exemplary curves of Figure 
6 (produced by the FLUENT software used to produce the curves of Figure 5) are based 
on the same parameters as were used for the curve 110 of the conventional nozzle in 
Figure 5, except that the speed of the web is variable, as described above and the scale of 
the Y-axis is modified to better show the differences between the curves. 

While particular embodiments and/or individual features of the present invention 
have been illustrated and described, it would be obvious to those skilled in the art that 
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various other changes and modifications can be made without departing from the spirit 
and scope of the invention. Further, it should be apparent that all combinations of such 
embodiments and features are possible and can result in preferred executions of the 
invention. Therefore, the appended claims are intended to cover all such changes and 
modifications that are within the scope of this invention. 
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What is claimed is: 

1 . A heat transfer apparatus comprising: 

a) a support element designed to receive a material thereon, the material having a 
surface oriented away from the support element and moving in a machine 
direction; 

b) at least one fluid supply designed to produce and discharge a fluid; 

c) at least one nozzle having an open area formed by an upstream wall and a 
downstream wall relative to the machine direction, the nozzle connected to the 
fluid supply and disposed generally adjacent to the support element and 
spaced apart therefrom so as to form an impingement distance between each 
wall of the nozzle and a plane generally corresponding to the surface of the 
material, 

wherein the impingement distance between the upstream wall and the plane is 
greater than the impingement distance between the downstream wall and the 
plane such that at least a portion of the fluid, preferably at least about 70% of 
the fluid, is delivered through the nozzle to a predetermined portion of the 
material in a direction that is counter to the machine direction; 

d) an upstream collection device which is disposed upstream relative to the 
nozzle; and 

e) a downstream collection device that is disposed downstream relative to the 
nozzle. 

2. The apparatus of Claim 1 wherein the impingement distance between the 
downstream wall of the nozzle and the plane ranges between about 10% and about 
25% of the impingement distance between the upstream wall and the plane. 

3. The apparatus of Claim 2 wherein the open area formed by the upstream wall and 
the downstream wall of the nozzle ranges from about 80% to about 100% of the 
impingement distance between the upstream wall and the plane. 
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4. The apparatus of any of the preceding claims wherein the distance between the 
upstream collection device and the nozzle is greater than the distance between the 
downstream collection device and the nozzle. 

5. The apparatus of any of the preceding claims wherein the upstream collection 
device has a radius ranging from 100% to 200% of the impingement distance 
between the upstream wall and the plane, and preferably wherein the downstream 
collection device has a radius ranging from 20% to 100% of the impingement 
distance between the upstream wall and the plane. 

6. The apparatus of any of the preceding claims wherein the fluid supply includes a 
diffuser having baffles to distribute the fluid in a cross-machine direction. 

7. A process for efficiently transferring heat between a fluid and a moving material, 
the method comprising the steps of: 

a) providing at least one nozzle having an opening formed by an upstream 
wall and a downstream wall relative to the machine direction, the nozzle 
connected to a fluid supply and disposed generally adjacent to the support 
element and spaced apart therefrom so as to form an impingement distance 
between each wall of the nozzle and a plane generally corresponding to a 
surface of a material onto which the fluid is to be impinged, wherein the 
impingement distance between the upstream wall and the plane is greater 
than the impingement distance between the downstream wall and the 
plane; 

c) providing a material adjacent the opening in the nozzle, the material 
moving in the machine direction; 

d) supplying a fluid from the fluid supply through the nozzle onto the 
material such that at least a portion of the fluid is delivered out of the 
nozzle in a direction that is counter to the machine direction; and 

e) preferably collecting the fluid after it has been impinged onto the material. 
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8. The process of Claim 7 wherein the material is moving in the machine direction at 
a rate of at least about 3,000 feet per minute (about 15.2 meters per second). 

9. The process of Claims 7 and 8 wherein the fluid passing through the opening in 
the nozzle has a first flow rate passing out of the nozzle in the machine direction 
and a second flow rate passing from the nozzle in the direction counter to the 
machine direction, the second flow rate being greater than the first flow rate. 

10. A hood assembly for a fluid impingement system, comprising: 

at least one nozzle, the nozzle having a fluid supply end and a fluid discharge end, 
the fluid discharge end having an opening formed between a first nozzle wall and 
a second nozzle wall, the first nozzle wall extending further away from the fluid 
supply end than the second nozzle wall, 

a first collection conduit disposed a first distance from the first wall of the nozzle, 

the first collection conduit having a first exhaust opening; and 

a second collection conduit disposed a second distance from the second wall of 

the nozzle, the second collection conduit having a second exhaust opening, 

wherein the second exhaust opening is preferably larger than the first exhaust 

opening and wherein the second distance is preferably greater than the first 

distance. 
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